1. Introduction {#sec1}
===============

The performance and competitiveness of dye-sensitized solar cells (DSSCs) are improving constantly with the power conversion efficiency (PCE) exceeding 12% in laboratory conditions.^[@ref1],[@ref2]^ However, the achieved efficiency is still behind the theoretical limit by a factor of 2, and research efforts are refocused to examine and eliminate all pitfalls resulting in the efficiency loss. The final characterization of solar cells is done by measuring *I*--*V* characteristics and calculating the maximum PCE or the external quantum efficiency. The PCE is the principal characteristic of the solar cells, but it depends on many internal processes and presents a cumulative effect of losses at different stages starting from the light caption and primary photoinduced charge separation (CS) to power losses due to resistivity of electrodes.^[@ref3]^ Eventually, optimization of the DSSC should be done for all the processes involved and has to be based on the knowledge of all the individual steps of photon-to-current conversion. The very first events of the photon conversion are extremely fast taking place in the femto- to picosecond time domain and were under active investigation for the past few decades using ultrafast optical and terahertz spectroscopy methods.^[@ref4]−[@ref8]^ The reactions of interest include light harvesting by sensitizers and electron injection to semiconductors in the picosecond time domain and following dye regeneration by electrolytes in the sub-nanosecond time domain in the case of liquid DSSCs.^[@ref9],[@ref10]^

Solid-state DSSCs (ssDSSCs) are relatively new development in which the liquid electrolyte is replaced by a solid hole transporting material (HTM).^[@ref11]−[@ref13]^ This makes such devices more robust and attractive for large scale applications, though the best efficiencies achieved are roughly 2 times lower than that of traditional liquid DSSCs.^[@ref14]^ Few specific challenges of ssDSSCs are selection of suitable small molecules for the HTM and pore filling by the material,^[@ref15]^ which affect the conversion efficiency drastically and put restrictions on the thickness and porosity of the TiO~2~ layer. A common requirement for both liquid and ssDSSCs is design and syntheses of cost efficient sensitizers which have high absorption in the green-red part of the spectrum and close to unity quantum yield of CS at semiconductor--organic interfaces.^[@ref12],[@ref16],[@ref17]^

Among a wide range of sensitizers tested in DSSC applications, porphyrin derivatives gained considerable attention recently,^[@ref16],[@ref18]−[@ref20]^ and porphyrin-based sensitizers were used to achieve the highest efficiencies in both types of DSSCs.^[@ref1],[@ref14]^ The most efficient sensitizers are complex molecules with specifically designed peripheral groups reducing interchromophore aggregation and implementing the so-called push--pull strategy when the sensitizer is complemented by electron donating and/or withdrawing groups accelerating electron injection to TiO~2~ from the photoexcited sensitizer.^[@ref1],[@ref14],[@ref21],[@ref22]^ These are complex state-of-the-art compounds produced using multistep synthetic routes in very small amounts.

Although porphyrin derivatives are very versatile compounds for solar cell applications, they have a disadvantage of exhibiting relatively low absorption intensity in the green-red part of the spectrum. Therefore, another dye from the same group of tetrapyrrole macrocyclic compounds, phthalocyanine (Pc), has attracted attention because it is an equally good electron donor and has a strong absorption band in the red part of the spectrum.^[@ref17]^ A number of Pc derivatives have been tested in DSSCs and demonstrated reasonably good efficiencies,^[@ref23],[@ref24]^ though the final PCE was roughly 2 times lower than that of the best porphyrin and Ru-dye derivatives. Aggregation tendency of Pcs was considered to be the main reason for the efficiency loss. This stimulated the synthesis of Pcs with specifically designed bulky peripheral groups to reduce the aggregation,^[@ref25],[@ref26]^ though this approach requires again multistep synthesis and thus gradually increases the cost of the compounds. Another possibility to solve the aggregation problem is to use co-adsorbate compounds mixed with the photoactive Pcs during the sensitization process.^[@ref27]^ An advantage of this approach is that it does not require synthesis of new and expensive compounds. This method was tested in a number of studies and has proven to increase the conversion efficiency but the efficiency gain was not as large as one could hope for.

The aims of the study reported herein are to use a reasonably inexpensive sensitizer, Pc derivative known as TT1,^[@ref23]^ to examine the primary photoreactions in ssDSSC model systems, to study the aggregation effect on the carrier generation, and to find out to which extent co-adsorbate may reduce the efficiency loss due to aggregation. To reduce the aggregation, the Pc was mixed with the widely used co-adsorbate, chenodeoxycholic acid (CDCA).^[@ref28],[@ref29]^ In addition, oleic acid (OA), a well-known lipid molecule, was tested as a replacement for CDCA. The ssDSSC model samples were completed by infiltrating the layer of photosensitized TiO~2~ nanoparticles by the HTM, Spiro-MeOTAD (Spiro).^[@ref30],[@ref31]^ The primary photoreactions in the samples were studied by the ultrafast transient absorption (TA) spectroscopy technique also know as the pump--probe method. Both Pc and Spiro have distinct spectroscopy features of their transient states, cations and anions,^[@ref32]−[@ref34]^ which allow to establish reaction mechanisms and do quantitative evaluation of reaction rates and efficiencies. To compare the results of spectroscopy studies with "real life" use case of ssDSSCs, silver electrodes were deposited on top of the HTM and standard solar cell characterization was carried out for the same sample structures. For the comparison purpose, the quantum yields of photon-to-electron conversion were estimated. The comparison shows that CDCA can effectively reduce aggregation and even as simple Pc as TT1 can reach close to unity quantum yield of photocurrent generation.

2. Results and Discussion {#sec2}
=========================

The chemical structure of zinc carboxyphthalocyanine (Pc) derivative used in this study is presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} together with those of two co-adsorbates, CDCA and OA. 2,2′,7,7′-Tetrakis(*N*,*N*-di-*p*-methoxyphenylamino)-9,9′-spirobifluorene (Spiro-MeOTAD or Spiro) was used as the HTM.

![Compounds used to functionalize TiO~2~ nanoparticle films.](ao-2018-006007_0001){#fig1}

Samples were prepared on fluorine-doped tin oxide (FTO)-coated glass substrates coated by a thin TiO~2~ compact layer, on top of which TiO~2~ mesoporous layers were prepared by screen-printing or spin-coated as described in [Methods and Materials](#sec4){ref-type="other"} section below. The typical thickness of screen-printed layer was 2.5 μm and of spin-coated 0.8 μm. Cross-section electron microscopy images of a few samples are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) Figure S1.

2.1. Absorption Spectra {#sec2.1}
-----------------------

### 2.1.1. Pc Aggregation on the TiO~2~ Surface {#sec2.1.1}

Absorption spectra of Pcs change significantly upon aggregation. This change can be used for monitoring the degree of aggregation. The absorption spectrum of the Pc in a good solvent, ethanol (EtOH), at a low concentration (roughly 0.8 μM) is shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) Figure S2. The spectrum has relatively narrow band at 677 nm, the Q-band, and a shoulder in the 600--650 nm range. However, to deposit the Pc onto TiO~2~, the concentration of Pc must be much higher. Furthermore, it was noted previously that for similar Pcs, a 1:1 (vol/vol) mixture of *tert*-butanol and MeCN is a better solvent for self-assembled monolayer (SAM) deposition on ZnO.^[@ref35]^ It turned out that the same mixture allows deposition of stable SAMs on TiO~2~. Absorption spectra of the Pc in this solvent at a concentration close to what was used for the SAM depositions (roughly 50 μM) are shown in Figure S3 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf). There is noticeable aggregation of Pc in this solution, which also can be reduced by adding a co-adsorbate such as CDCA. The absorption spectra for the Pc/CDCA mixtures with different Pc/CDCA ratios can also be found in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf).

Absorption spectra of a series of Pc SAMs on TiO~2~ with varying relative concentrations of the co-adsorbates are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. As a rough approximation, the absorption spectra in the Q-band area (580--720 nm) can be presented as superposition of two bands, a "blue" band with maximum close to 630 nm and a "red" band with maximum in the 680--690 nm range. A clear sign of aggregation is high relative intensity of the blue band and broadening of the red band. These are typical features of Pc aggregates, and sharp rise of the blue band can be tentatively attributed to H-type aggregation or formation of face-to-face aggregates.^[@ref36]^ The spectrum of the sample without the co-adsorbate is the broadest and it has the highest relative intensity at the blue band, which can be considered as the highest degree of aggregation in this series.

![Absorption spectra of Pc SAMs on TiO~2~ with different relative concentrations of (a) CDCA and (b) OA. Solid lines are measured spectra after subtracting spectra of TiO~2~-covered substrates and dotted lines are two band approximations of the Q-band area.](ao-2018-006007_0004){#fig2}

As a measure of aggregation, the relative intensities of the blue band with respect to the red band were calculated by decomposing the spectrum on two Gaussian bands and calculating the ratio of the band intensities (see Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf)). According to this aggregation degree estimation, CDCA reduces the aggregation more efficiently than OA. The ratio decreases from 1.18 for the pure Pc SAM to 0.83 and 0.5 for relative CDCA concentrations of 10 and 50, respectively. However, for OA it decreases to only 1.0 and 0.65 for relative OA concentrations of 10 and 100, respectively. It has to be noted that the lipid structure of the OA molecule might take less space in the SAM than the steroid base CDCA, thus resulting in higher surface density of Pc in OA environment than in CDCA.

Furthermore, the surface binding rate of Pc, CDCA, and OA may differ and the ratio of molecules Pc/CDCA or Pc/OA on the TiO~2~ surface may differ from the corresponding ratios in the sensitization solution used to deposit SAM. Estimation of the surface density is a complicated task in this case, but one can compare decrease of absorption intensities at increased co-adsorbate concentrations and make some qualitative conclusions. This analysis is presented in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) (Table S1, Figure S6, and corresponding comments), and it suggests that (1) co-adsorbate to Pc molecular ratio on the TiO~2~ surface is few times lower than that in the layer deposition solution (relative proportion Pc is few times higher in solid samples), which is probably due to higher binding rate of Pc compared to CDCA and OA, and (2) at the same Pc to co-adsorbate molar ratio, the average surface density of the Pc is higher in the OA samples than in the CDCA samples, resulting in a higher absorption for the Pc/OA samples compared to the Pc/CDCA samples. Because accurate estimation of the Pc/co-adsorbate ratio on the TiO~2~ surface was not possible at this stage, the samples will be distinguished by the molar ratio in the sensitization solution in this study, meaning that, for example, the ratio 1:10 refers to the ratio in the solution used to prepare the sample. This is justified by reasonably proportional decrease of Pc density with increase of the co-adsorbate concentration in the solution as presented in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) Figure S6.

Even at the highest relative co-adsorbate concentrations shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the Pc spectra are still not a perfect match with the Pc spectrum in a good solvent at a low concentration ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf)). This can be interpreted as some remaining aggregation. Another reason for the difference is the completely different environment in the SAMs compared to a solution. Higher concentrations of the co-adsorbates were tested but the absorption of such samples was lower with the spectrum shape remaining essentially the same.

Samples with OA co-adsorbate were observed to degrade faster than the CDCA-containing samples. In particular at Pc/OA = 1:100, the sample became colorless after 2 days when kept in the dark. On the contrary, practically no detectable degradation was noticed for the Pc/CDCA = 1:50 sample after a week of storage. Degradation was lower for lower OA concentration, for example at Pc/OA = 1:10 the degradation was less than 20% (of absorption intensity) after a few days.

### 2.1.2. Effect of Spiro on Pc Absorption {#sec2.1.2}

Addition of the HTM had also a strong effect on the steady-state absorption spectra of the samples, as illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In all samples, the absorption intensity increased slightly in the Q-band region and the spectra became slightly narrower after the deposition of Spiro. It can be noticed that Spiro has negligible absorption in the green-red part of the spectrum. Its absorption dominates in the ultraviolet (UV)-blue region, and it is seen as a sharp rise at wavelengths shorter than 420 nm in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Therefore, the absorption in the 550--750 nm region is solely due to the Pc. For the sample shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the width of the band at 620--630 nm decreases from 30 to 23 nm and for the band at 680--690 nm from 27 to 19 nm on addition of the Spiro layer, which is typically interpreted as lower aggregation degree. However, the band ratio remains virtually the same, 1.23 and 1.25, respectively, which leads to a conclusion that relative proportion of H-type aggregates is the same. If the ratio is taken as a measure of aggregation degree, one may conclude that the type of aggregation does not change, but the aggregates are more homogeneous after Spiro deposition, which results in the band narrowing. Similar changes were observed for other samples, see Figures S4, S5 and Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf). Importantly, no detectable degradation was observed for any of the samples covered with the Spiro hole transporting layer within a few weeks, regardless of which co-adsorbate was used.

![Absorption spectra of Pc SAMs before (blue) and after (red) deposition of Spiro hole transporting layer and absorption spectrum of a reference Spiro sample (green dashed line). Solid lines are measured spectra (after subtracting spectra of TiO~2~-covered substrates) and dotted lines are two band approximations of the Q-band area.](ao-2018-006007_0005){#fig3}

These changes in the absorption spectra upon addition of the Spiro layer can be rationalized assuming that Spiro has a tendency to fill the space between the Pc molecules, resulting in weaker inter-Pc interactions and thus a lower degree of aggregation. This phenomenon is desired as it may also improve the efficiency of the hole collection from the Pc monolayer after electron injection into TiO~2~. It also may result in an efficient electron or hole transfer at the Pc\|Spiro interface, as was reported previously,^[@ref35]^ and will be discussed below.

As a summary of the examination of the steady-state absorption spectra, the Pc/CDCA = 1:50 sample is taken as the model example of a virtually nonaggregated sample, although the absorption spectrum of the sample is not a perfect match with the absorption spectrum of this Pc in a good solvent (Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf)).

2.2. TA Responses of TiO~2~--Pc Samples {#sec2.2}
---------------------------------------

First, the samples without the Spiro layer were studied. The time-resolved TA spectra of the least aggregated sample, Pc/CDCA = 1:50, are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a at a few selected delay times. The spectra were corrected for the group velocity dispersion and the instrument response function (roughly 0.1 ps), which is essential for a short delay times and fast decay components. Therefore, the spectrum at 0.02 ps delay time can be considered as an "ideal" spectrum formed instantly after the excitation and can be taken as the spectrum of the singlet excited state, Pc\*. It has a relatively flat absorption in the 470--610 nm range and a broad absorption at \>850 nm that slowly decreases toward the longer wavelengths. At later delay times, the spectrum is transformed to show a broad absorption band around 540 nm and a relatively sharp band near 860 nm. Both of these features are typical of the Pc cation,^[@ref32],[@ref35],[@ref37],[@ref38]^ which is in agreement with the expected electron injection from the excited Pc\* into TiO~2~.

![(a) TA spectra and (b) decay component spectra for the Pc/CDCA = 1:50 sample. Excitation wavelength was 695 nm.](ao-2018-006007_0006){#fig4}

In this case, the expected sequence of reactions following photoexcitation of Pc iswhere τ~inj~ is the electron injection time constant and τ~cr~ is the time constant of the charge recombination (CR) at the TiO~2~\|Pc interface. Despite this rather simple reaction chain, at least five-exponential fit had to be used to obtain a reasonably good approximation of the TA decays in the 460--1050 nm wavelength range ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). However, one can notice that there is no significant difference in the component spectra shapes in a wide time domain covering several time constants of the fit (5 ps, 100 ps, and 19 ns). This indicates inhomogeneity in the sample which leads to essentially "nonexponential" decay kinetics of the CR at the TiO~2~\|Pc interface. Similar nonexponential decays were reported for virtually all similar systems.^[@ref4]−[@ref6],[@ref9]^ On a qualitative level, the fast component, 0.12 ps, has features indicating formation of the bands at 540 and 860 nm and can be attributed to the electron injection from Pc\* to TiO~2~ with τ~inj~ = 0.12 ps. The following component, 0.95 ps, results in the formation of a better pronounced cation spectrum ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, spectrum at 2 ps delay time). It is a mixture of competing electron injection and nonradiative excited state relaxation reactions most probably. After that the spectrum shape virtually does not change and this decay can be attributed to the CR at the semiconductor--sensitizer interface which is known to be essentially nonexponential^[@ref7],[@ref9]^ and in this case is spread in the time interval from few picoseconds to tens of nanoseconds.

The corresponding time-resolved and decay component spectra for the sample without any co-adsorbate are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Although the TA response of the sample seems to be similar to that with CDCA, there are a few essential differences. First of all, it is even more difficult to find a delay time at which the singlet excited state of the Pc would be well-resolved in the sample without a co-adsorbate. The shortest time constant obtained from the fit, 70 fs, is shorter than the time resolution of the instrument (roughly 100 fs), and although it can be assigned to the excited state relaxation, the corrected spectrum generated for a very short delay time (0.015 ps, in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) has features deviating gradually from that of the singlet excited state in the visible part of the spectrum, and it has low and "noisy" intensity in the near-infrared (NIR) part of the spectrum. This mismatch between the visible and NIR parts is most probably due to the limited accuracy of the group velocity compensation but not to any real phenomenon. Second, one can notice a relatively high absorption in the 950--1000 nm range for the aggregated sample and even a broad band at these wavelengths in the decay components with time constants 1 and 14 ps. The Pc anion is known to have an absorption band in this wavelength range,^[@ref33],[@ref39]−[@ref41]^ though the band is broader than typically observed for Pc anions, which can be attributed to rather random aggregation of Pcs on the TiO~2~ surface. Appearance of this band can be interpreted in favor of a CS reaction in the excited aggregates, or intra-aggregate CS, with a time constant τ~agg~

![(a) Time-resolved TA spectra and (b) decay component spectra for the Pc sample without a co-adsorbate. Excitation wavelength was 695 nm. The response in the NIR (840--1060 nm) is multiplied by 2 for clarity.](ao-2018-006007_0007){#fig5}

Although the mechanism of CS may be more complex and may involve formation of an intermolecular exciplex prior the complete CS, as was reported for Pc--fullerene dyads with strong electronic coupling.^[@ref42]^ In any case, this is the process competing with the electron injection into TiO~2~ from the initially generated excited state, Pc\*, and it reduces the lifetime of the singlet excited state compared to that of the nonaggregated sample (Pc/CDCA = 1:50). Within this simplified model, the observed singlet state relaxation time constant is τ~s~ = (τ~inj~^--1^ + τ~agg~^--1^)^−1^ ≈ 70 fs, and τ~agg~ ≈ 0.13 ps, or roughly equal to τ~inj~.

The TA response of the Pc/CDCA = 1:10 sample takes an intermediate position between responses of the two samples discussed above (see Figure S7 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf)).

The time-resolved spectra of the Pc/OA = 1:10 sample are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The response is very similar to that of the sample with CDCA as the co-adsorbate, though the spectra at longer delay time are slightly stronger, for example, at 2000 ps, indicating that relative yield of the long-lived Pc^+^ is marginally higher in the sample with OA. However, the yield of the long-lived Pc^+^ is small in both cases being not more than 20% relative to that of the Pc/CDCA = 1:50 sample.

![Time-resolved TA spectra of Pc/OA = 1:10 sample. The response in the NIR (840--1060 nm) is multiplied by 2 for clarity.](ao-2018-006007_0008){#fig6}

Because of the rapid degradation of the Pc/OA samples, especially at high OA concentrations, reliable spectroscopic data were not obtained.

The primary CS in both series of samples with CDCA and OA was at the limit of the time resolution of the instrument used, 100 fs. Within this time resolution limit, the two co-adsorbates have the same effect on the relaxation of the singlet excited state, Pc\*. The two main processes contributing to the Pc\* relaxation are the electron injection into TiO~2~ and intra-aggregate CS. This leads to the disappearance of the Pc singlet excited state within the time interval close to 100 fs. The samples are quite heterogeneous, however, and the Pc\* relaxation is not exponential. A "tail" of the singlet relaxation is extended to the picosecond time domain. We cannot exclude nonradiative intra-aggregate relaxation, but its contribution does not seem to be high and it is difficult to quantify.

The wavelength range of the most different decay profiles for the studied samples is 900--1050 nm. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a presents decays at 990 nm as an example. Two intermediate states have the main contribution to the TA at this wavelength: the singlet excited state, Pc\*, and the Pc anion, Pc^--^. Being the least aggregated sample, the Pc/CDCA = 1:50 sample shows the fastest decay at this wavelength because there is no intra-aggregate CS and thus no Pc^--^ formed. Respectively, the sample with no co-adsorbate shows the strongest response at the middle delay times, roughly 1--20 ps, being the most aggregated and thus the most efficient in generating Pc^--^. However, the final relaxations of the Pc/CDCA = 1:10 and co-adsorbate-free samples are roughly the same, indicating that the relaxation of Pc^--^ is not sensitive to the concentration of CDCA.

![Normalized TA decays at (a) 990 and (b) 860 nm for four samples: Pc SAM without a co-adsorbate, two different relative concentrations of CDCA, 1:10 and 1:50, and OA at 1:10.](ao-2018-006007_0009){#fig7}

The OA co-adsorbate is less efficient in reducing aggregation effect, according to the relative intensity of the TA at 990 nm in the 1--20 ps delay time interval. The decay of the sample with OA co-adsorbate is slightly slower than that with CDCA; however, the difference is rather minor.

Another important wavelength is 860 nm, because this is the wavelength of maximum absorption of the Pc cation, Pc^+^. The decays at 860 nm are presented in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b for the same set of samples. Unfortunately, the singlet state has also relatively high absorption at this wavelength. Therefore, the transition Pc\* → Pc^+^ has virtually no effect on the absorption. Another intermediate state which has a significant contribution to the absorption at this wavelength is the Pc anion, Pc^--^. The anion absorption band is at 990 nm, but at shorter wavelengths it has a flat absorption with intensity at 860 nm close to half of that at 990 nm (see below).

Assuming that the Pc/CDCA = 1:50 sample is virtually nonaggregated, the decay at 860 nm can be used to monitor the CR process at the semiconductor--sensitizer interface, [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. Then, the first conclusion is that the CR is essentially a nonexponential process, as can be expected. The TA intensity drops by roughly 50% during the first 3 ps, indicating that 50% of the Pc^+^ have recombined. Roughly half of the left cations relax in the following 10 ps. For the remaining part, recombination is shifted to hundreds of picoseconds, and roughly 10% of the Pc cations have a lifetime extended to the nanosecond time domain. This is rather fast CR. For example, the longest reported half times are \>1 ns for porphyrin sensitizer^[@ref9],[@ref43]^ and much more than 1 ns for Ru-dyes.^[@ref10]^ Rather fast CR at the TiO~2~\|Pc interface is surprising and undesired result. It was noticed that the electron injection from sensitizer into TiO~2~ takes place in two steps.^[@ref7]^ The first step is an electrostatically coupled electron--cation complex is formed, and then, the electron leaves the surface and becomes a "free" carrier in the conduction band of TiO~2~. A possible explanation of a faster recombination is that the electron--cation complex is more stable for Pc than for porphyrin and Ru-dye sensitizers studied previously. This would result in a competition between the CR of the complex and the electron promotion into the TiO~2~ bulk, which leaves a long-lived cation on the surface. In the case of the TiO~2~\|Pc interface, the competition is shifted in favor of the first process, surface complex recombination, which is definitely an undesired process.

For the samples without co-adsorbates or relatively low concentration of co-adsorbates (e.g. 1:10), the cation band at 860 nm cannot be used as an indicator of the CS efficiency at the TiO~2~\|Pc interface, because the electron injection is competing with CS ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) in the Pc aggregates. The reason for the slower decay of these samples is the slower relaxation of the intra-aggregate charge separated state compared to the CR at the TiO~2~\|Pc interface.

One can presume that the Pc^--^ formed as the result of intra-aggregate CS may later inject an electron into TiO~2~ and thus contribute to the CS at the organic--semiconductor interface through a two-step process

An indication of this process is a slower decay of TA at 860 nm (Pc^+^ indicator) compared to that at 990 nm (indicator of Pc^--^) for the co-adsorbate-free sample. However, we did not come up with a method of quantitative separation of these two processes. In a qualitative level, the remaining absorption at 860 nm (indicator of Pc^+^) is not higher than that of the least aggregated sample with still measurable absorption at 990 nm (indicator of Pc^--^). Therefore, the efficiency of reactions in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} is low for all samples.

2.3. Samples with Spiro Overlayer: Effect of the Hole Transporting Layer {#sec2.3}
------------------------------------------------------------------------

The effect of the HTM, Spiro, on the photoinduced CS at the organic--semiconductor interface of the least aggregated sample is very similar to that reported for aggregation protected Pcs on ZnO nanorods.^[@ref35]^ The time-resolved TA spectra of the Pc/CDCA = 1:50 sample covered by the Spiro layer are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, and the global fit results using the model combining exponential and distributed decay (see ref ([@ref35]) for details) are presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b, respectively. Comparing to the sample without the HTM layer, the most obvious difference in the TA response is a rather sharp band at 990 nm which forms with a time constant close to 1 ps and decays with a time constant close to 170 ps (see Figure S7 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf)). This band can be attributed to the anion Pc^--^.^[@ref35],[@ref39],[@ref40]^ Another characteristic feature of the anion is the band close to 590 nm, which is most clearly seen in the 170 ps component.

![(a) Time-resolved TA spectra and (b) decay component spectra of the sample with Pc/CDCA = 1:50 covered by Spiro. The fit model combined exponential distributed decay functions^[@ref35]^ denoted as exp(τ) and dist(τ~aver~), respectively. Excitation wavelength was 695 nm. The NIR response (840--1260 nm) is multiplied by 2.](ao-2018-006007_0010){#fig8}

The first qualitative conclusion which can be made comparing TA measurements of the Pc/CDCA = 1:50 sample with and without Spiro, presented in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [4](#fig4){ref-type="fig"}, respectively, is that Spiro not only penetrates through the whole 2 μm thick TiO~2~ layer, but it is in contact with most Pc sensitizers. This conclusion becomes evident after comparing time-resolved spectra at long delay time. The spectra of the sample with Spiro holds mainly the features of the Spiro cation, the band 590 nm and very weak and featureless absorption in the 850--1100 nm range, and only a minor bleaching at 650 nm which may arise from minor population of Pc not interacting with Spiro. Whereas features of the Spiro-free sample is a band at 860 nm and relatively strong bleaching at 650 nm compared to the broad and featureless induced absorption band at 500--600 nm.

Assuming that Pcs are nonaggregated in the sample with Spiro and the intra-aggregate CS can be excluded, the only feasible reaction to generate Pc^--^ is the CS at interface between Pc and Spirowhere τ~sp~ is the time constant for the hole transfer from the excited Pc to Spiro. The spectra at long delay times (e.g. at 1000 ps, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a) and the spectrum of the long-lived component (\>20 ns, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b), respectively, can be attributed to the Spiro cation.^[@ref11],[@ref34],[@ref35],[@ref40]^ It has a band at 530 nm and a broad absorption in the IR region which is observed as a slowly rising absorption toward the longer wavelengths starting from 1000 nm. Therefore, relaxation of the Pc^--^ can be attributed to the electron injection into TiO~2~where τ~et~ is the time constant of the electron transfer from Pc^--^ into TiO~2~.

In addition to the reaction sequence depicted by [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}, the long-distance CS state can be obtained by a competing process. Here, the electron is first injected from the Pc\* into TiO~2~, followed by the hole transfer from the Pc^+^ to the Spirowhere τ~ht~ is the time constant of the hole transfer from Pc^+^ to Spiro.

The electron injection time constant, τ~inj~, in the sample without Spiro is roughly 0.12 ps, and it competes with the CS at Pc\*\|Spiro having time constant of ≈1 ps. In a homogeneous system, a process with a few times longer time constant would be very inefficient. The Pc monolayer on TiO~2~ is, however, not homogeneous. Even more importantly, noticing a gradual change in the absorption spectra of the samples with and without Spiro, one can expect that Spiro changes the packing of the Pc molecules on the semiconductor surface. More specifically, it is likely that Spiro molecules tend to penetrate between the Pcs, thus reducing inter-Pc interactions and enforcing an upright orientation of the Pc molecules on the TiO~2~ surface. The latter has an effect of increased distance from the Pc core to the surface and will result in a slower electron injection into TiO~2~.

The reaction sequence in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} would result in a relatively sharp transient band at 860 nm and a broad band around 540 nm corresponding to Pc^+^, which would later transform into a broad band around 530 nm and a broad absorption in the NIR region. The observed TA response of the TiO~2~\|Pc/CDCA\|Spiro sample has no such features. Furthermore, the singlet excited state features for the Pc can be noticed in the time-resolved spectra at delay times as long as 0.2 ps as sub-band structures in the 590--650 nm region. Therefore, the main relaxation pathway of the excited state is the sequence of reactions [4](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}, with average reaction time constants τ~sp~ ≈ 1 ps and τ~et~ ≈ 170 ps.

The TA responses of the most aggregated sample, Pc layer without the co-adsorbate, are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The essential difference with the nonaggregated sample at short delay times is the virtually nonresolved singlet excited state of the Pc. Overall, the spectra of pure Pc samples with ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) and without ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) Spiro are very similar at least within the first 100 ps relaxation time, though the Pc^--^ band is more pronounced in the sample with Spiro top layer. This suggests that intra-aggregate CS is the dominating reaction pathway. At longer delay times, a broad NIR band attributed to Spiro^+^ becomes visible, though the intensity of the band is much lower for the sample without a co-adsorbate. The global exponential fitting of the TA data is presented in Figure S9 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf). The fitting results suggest that the intra-aggregate CS takes place with a time constant τ~agg~ ≈ 0.16 ps, and the following relaxation of the Pc^--^ takes place in the time interval 1--300 ps. These time constants are slightly longer than in the case of the sample without Spiro, but the difference is rather marginal.

![Time-resolved TA spectra of the TiO~2~\|Pc\|Spiro sample. The NIR response (840--1260 nm) is multiplied by 2.](ao-2018-006007_0011){#fig9}

Comparison of the TA spectra in [Figures [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"} indicates that at long delay times the yield of the long-distance CS state, TiO~2~^--^\|Pc\|Spiro^+^, is higher in the Pc/CDCA = 1:50 sample, which is seen as higher relative intensities at 530 and 1250 nm. However, there are probably still some losses in the long-distance CS yield at few hundred picosecond delay time even in the 1:50 sample, because the component with the 170 ps time constant ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b) has an IR tail with intensity rising toward longer wavelengths, though this IR tail is smaller in intensity than that of the longest lived component (\>20 ns in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). This means that some of the Pc anions may relax as the result of CR at the Pc^--^\|Spiro^+^ interface, instead of donating an electron to TiO~2~. The effect of this relaxation on the solar cell performance depends on time needed for the hole to reach the cathode, if holes leave the HTM faster than the relaxation constant, the relaxation will have no considerable effect on the cell performance.

The TA responses for the samples with Pc/CDCA = 1:10 and Pc/OA = 1:10 are shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) (Figures S10--S13). The responses take intermediate positions between the sample with high concentration of CDCA (Pc/CDCA = 1:50) and the sample without a co-adsorbent, though the response of Pc/CDCA = 1:10 is very close to that of Pc/CDCA = 1:50 sample, whereas the response of the Pc/OA = 1:10 sample is closer to that of the pure Pc sample.

2.4. Solar Cells {#sec2.4}
----------------

To study the effect of aggregation of photocurrent generation in solar cells, silver electrodes were deposited on top of the samples with Spiro hole transporting layer, and standard current--voltage (*I*--*V*) characteristics where measured in the dark and under "one sun" (AM 1.5) illumination. Typical *I*--*V* curves are presented in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} for Pc/CDCA = 1:20 sample. Each sample had four electrode pairs with an overlap area of roughly 2 mm^2^. The variation in *I*--*V* curves of different electrode pairs on the sample was reasonably small, as can be seen in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

![Current--voltage characteristics of Pc/CDCA = 1:20 sample in the dark (dashed lines) and under illumination (solid lines). One sample had four electrode pairs with an overlap area of roughly 2 mm^2^.](ao-2018-006007_0002){#fig10}

The obtained PCEs were in the range 0.1--0.4% for the samples discussed here. This is roughly 1 order in magnitude lower than the efficiencies reported for the best ssDSSCs with the same Pc.^[@ref31]^ However, the primary goal of this part is to compare the results of ultrafast spectroscopy study of the primary photoreactions with the properties of the complete ssDSSCs. Therefore, the samples were optimized to get most out of the spectroscopy measurements but not to achieve the highest PCE. The aim is also to get a fair comparison of different sensitizer/co-adsorbate combinations. This means in particular that all samples have to be prepared with the same TiO~2~ base structure to ensure that the samples infiltrated by Spiro similarly. The thickness of the TiO~2~ film was selected such that the absorption of Pc at maximum (Q-band) is close to 1 (OD), which is the maximum reasonable value for accurate pump-probe measurement. As the result, the absorption of the sample with a high relative concentration of co-adsorbate (e.g. Pc/CDCA = 1:100 in sensitization solution) was rather low, around 0.15 (OD), which is still sufficient for TA measurements but far from optimum for efficient power conversion.

The parameter of interest for this study is the internal conversion efficiency (ICE), or the ratio of the generated electrons to absorbed photons, ϕ~ICE~. The electron flux can be obtained directly from the measured short circuit current, *I*~sc~ (*I* at *V* = 0 in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). However, the number of absorbed photons cannot be measured directly and has to be evaluated from the available data. This number can be evaluated from the excitation photon flux and sample absorption.

The Pc samples have main absorption bands in the range 580--720 nm, which is commonly referred to as the Q-band area. Another absorption band commonly referred to as the Soret band is at wavelengths shorter than 400 nm and its intensity is few times lower than that of the Q-band. Also, the sun intensity is maximal in the Q-band area and decreases sharply at \<400 nm. Therefore, the spectral area of significance for the studied samples is the Q-band area, and for all samples, it is within the range 550--750 nm. The sunlight intensity does not change much within this range having the average value *P*~650~ = 1.24 W m^--2^ nm^--1^ with standard deviation 0.12 W m^--2^ nm^--1^.^[@ref44]^ Therefore, to compare light harvesting efficiencies of the samples, average absorptances, *a*~av~, were calculated in the range 550--750 nm. As an example, the values of *a*~av~ are 0.37, 0.29, and 0.045 for Pc/CDCA samples with ratios 1:0, 1:10, and 1:100, respectively, which means that the pure Pc sample (1:0) absorbs 37% of photons in the range 550--750 nm, and the 1:100 sample absorbs only 4.5% of photons in this range (see Figure S14 in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf)).

### 2.4.1. Photocurrent Generation Efficiency {#sec2.4.1}

To compare the quantum efficiency of the photocurrent generation, the short circuit *I*~sc~ was divided by *a*~av~, to account for absorbed photons only. Reference samples without the co-adsorbate were prepared a few times (five series) during the tests, and the ratios *I*~norm~ = *I*~sc~/*a*~av~ for these samples were averaged and used to normalized the ratios obtained for all other samples, thus calculating "relative" current values *I*~rel~(*x*) = *I*~norm~(*x*)/*I*~norm~(0), where *x* is the co-adsorbate concentration and *I*~norm~(0) is the average or all samples without the co-adsorbate. The results of calculations are presented in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} as a function of the relative co-adsorbate concentration and show increase or decrease of ICE of the sample relative to the average value of samples without the co-adsorbate. Although there is relatively large deviation of the result for the samples with the same composition, addition of CDCA has a clear effect of gradual increase of the quantum efficiency of the photocurrent generation. According to this estimation, the quantum efficiency is roughly 3 times higher for 1:10 and 1:20 samples, and it increases furthermore for 1:100 and 1:200 samples.

![Relative photocurrent generation efficiencies, *I*~rel~, plotted as a function of relative co-adsorbate concentration. Values are normalized to the average of the samples without the co-adsorbate. The lines are indicating trends for visual guidance.](ao-2018-006007_0003){#fig11}

The same results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} by averaging relative efficiencies (*I*~rel~) for the samples of the same composition. Also, it has to be noted that the standard deviation of the relative efficiencies were rather high, 20--50%.

###### Relative Efficiency of the CS at the Semiconductor--Organic Interface of Spiro-Containing Samples Estimated from TA and Photocurrent Measurements[a](#t1fn1){ref-type="table-fn"}

  sample            Δ*A*~rel~ (2 ps)   Δ*A*~rel~ (2 ns)   *I*~rel~
  ----------------- ------------------ ------------------ ----------
  Pc only           0.15               0.12               1.0
  Pc/CDCA = 1:10    0.25               0.16               3.1
  Pc/CDCA = 1:20                                          3.2
  Pc/CDCA = 1:50    0.29               0.14                
  Pc/CDCA = 1:100   0.27               0.20               6.7
  Pc/CDCA = 1:200                                         9.6
  Pc/OA = 1:10      0.13               0.06               1.5
  Pc/OA = 1:75                                            1.6
  Pc/OA = 1:100     0.16               0.13               1.4

The relative TA values (Δ*A*~rel~()) were calculated by taking absorbance change at 1250 nm at 2 ps and 2 ns delay time and dividing by the change at 860 nm right after the excitation, and relative photocurrents (*I*~rel~) are the short-circuit currents of the samples with to that without the co-adsorbate and normalized to average sample absorptance (*a*~av~) in the 550--750 nm range (see the text for details).

The efficiency estimation of the long-distance CS based on spectroscopy is more complex as it requires quantitative knowledge of the absorption spectra of the intermediate states of interest, namely, primary excited sensitizers and states involved in photocurrent generation. The conduction band electrons in TiO~2~ have no distinct spectroscopic features which can be seen on top of TA responses of Pc and Spiro. However, the Spiro cation has two features, the band at 530 nm and the broadband absorption at \>1000 nm. The NIR absorption of Spiro^+^ seems to be a better choice because the Pc cation and anion have negligible absorption at the red side of the measured range. Therefore, the TA response at 1250 nm can be used as an indicator of the Spiro^+^ yield at least at delay time \>1 ps, that is, after relaxation of the singlet excited state of Pc which also has some absorption at this wavelength, as can be seen in response of all samples at short delay time (\<0.1 ps). The primary excited sensitizer in our case is the singlet excited state of Pc. The absorption at a short delay time (e.g. at 0.02 ps in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}) is the strongest at 860 nm, and it can be taken as the measure of the number of excited Pcs. Therefore, the ratio of the absorbances at 1250 nm at a long delay time to that at 860 nm right after the excitation, Δ*A*~rel~ = Δ*A*~1260~/Δ*A*~860~, must be proportional to quantum yield of (absorbed) photons to hole conversion. These relative absorption changes were calculated for two delay times, 2 ps and 2 ns, and presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} (denoted as Δ*A*~rel~(2 ps) and Δ*A*~rel~(2 ns), respectively).

A common trend for both Δ*A*~rel~ and *I*~rel~ seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} is the increase in the efficiency of Spiro^+^ and current generation with the increase of CDCA concentration, though the increase of *I*~rel~ is larger than of Δ*A*~rel~. According to the TA responses discussed above, this increase can be attributed to the lower Pc aggregation upon addition of CDCA, suppressing the undesired intra-aggregate CS. Interestingly, at a longer delay time, 2 ns, the yield is virtually the same for three first samples in the table. This may be interpreted in favor of a relatively fast hole diffusion to the electrode, so that slow (nanosecond) CRs does not affect photocurrent generation. Though TA measurements are rather difficult after top electrode deposition and were not carried out.

Both TA and photocurrent measurements do not show significant increase in photon-to-current efficiency on addition of OA co-adsorbate, although the absorption spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) suggest a gradual decrease in the aggregation degree. One possible explanation for this difference between CDCA and OA is the length difference between the molecules. A rough estimation of the CDCA molecule length is 1.2 nm, which is close to or a little shorter than the length of Pc molecules standing upright on the TiO~2~ surface. The length of OA is roughly 1.6 nm, or longer than the Pc molecule, which may prevent a sufficient contact between the Pc and Spiro needed for efficient electronic interactions at the Pc\|Spiro interface and may thus explain the lower hole transfer efficiency to Spiro in the OA-containing samples. However, this explanation is in contradiction with the observed change in the Pc absorption spectrum after the deposition of Spiro. Still it seems to be reasonable to suggest that some structural difference between the Pc/CDCA and Pc/OA SAMs is responsible for the difference in the photophysics of the samples. Another obvious reason for the relatively poor results with OA co-adsorbate is rather fast sample degradation especially at higher OA concentrations, as was mentioned above.

The absolute value of the quantum efficiency can be estimated using excitation power density, *P*~650~, short circuit current, *I*~sc~, and average absorptances, *a*~av~ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) for the details of calculations). This estimation suggests that the quantum yield of photon-to-electron conversion is roughly 13% for the samples without the co-adsorbate, close to 40% for 1:10 and 1:20 Pc/CDCA samples, and approaches 100% for 1:100 and 1:200 samples. The latter is least accurate as the estimation accuracy depends critically on average absorption calculation, which in turn depends on accuracies of subtracting "background absorption" of TiO~2~ and spectra correction procedure after the deposition of Spiro.

The absolute values of external PCEs for this series was higher for Pc/CDCA = 1:10 and 1:20 samples than for the samples without CDCA by a factor of 2 (0.4 vs 0.15%). For 1:100 samples the efficiency dropped down to that of the samples without CDCA, but average absorptance, *a*~av~, of the 1:100 sample is only 0.045 (in the 550--750 nm range), whereas for the sample without CDCA *a*~av~ ≈ 0.5, or the 1:100 sample uses absorbed photons 10 times more efficiently than the sample without CDCA. The 1:100 sample is not efficient in absorbing light because its optical density is only 0.12 at the maximum of the Q-band (695 nm) and the spectrum band width is roughly 30 nm only. One obvious approach to increase cell efficiency could be to increase the thickness of TiO~2~ nanoparticle film, though in this case the thickness must be increased by 10 times at least (to be ≥20 μm), which will create another problem of pore filling with the HTM.^[@ref15]^

Another approach to increase the PCE of Pc-based solar cells is to use co-adsorbates with chromophores, which would work as a light harvesting subsystem in a way similar to that reported by M'Sabah et al.,^[@ref45]^ absorbing the solar light and delivering the excited state energy to Pc by the nonradiating energy transfer mechanism. This approach may also help to solve another problem of Pc sensitizers, weak absorption in the green part of the spectrum, if the light harvesting co-adsorbate is designed to cover the green-yellow part of the spectrum. Also, mixing Pc with sensitizers utilizing the green-yellow part of the spectrum, such as porphyrins,^[@ref17]^ may also help to solve the problem.

3. Conclusions {#sec3}
==============

Aggregation of Pcs is usually considered as the most detrimental factor to the efficiency of Pc-sensitized DSSCs. The results reported here are in full agreement with this notion and indicate that intra-aggregate CS is the main mechanism of the excited state deactivation. A traditional method to reduce aggregation is to use co-adsorbate molecules. One of the most widely used compounds for this purpose is CDCA. For comparison, we have used OA as well. Addition of the co-adsorbate reduces the aggregation gradually, as can be seen from the steady-state absorption spectra change and transient responses of the samples.

Addition of a hole-transporting layer of Spiro-MeOTAD changes the primary CS events quite drastically, switching the main reaction route to the CS at the organic--organic interface, Pc\|Spiro, instead of the electron injection at TiO~2~\|Pc. In the case of aggregated Pc layer deposited without the co-adsorbate, the intramolecule interactions compete with the CS and reduce the efficiency of CS at the Pc\|Spiro interface. However, mixing Pc with CDCA at ratios larger than 1:20 (in sensitizing solution) reduces the aggregation effect to a negligible level, thus generating the Pc^--^\|Spiro^+^ state with almost unity yield.

The increase in quantum yield of photocurrent generation was also confirmed by depositing top electrodes on the TiO~2~\|Pc\|Spiro structures and comparing short circuit currents of the cells. An estimation suggests that the quantum yield of photon-to-current conversion is less than 15% for samples without the co-adsorbate but can be increased to almost unity by mixing Pc with CDCA at ratio 1:100. However, at this ratio, the PCE is few times lower than for the best sample in the series because of very low absorption of the sample (OD \< 0.15 at the Q-band maximum).

4. Methods and Materials {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

EtOH (≥99.5% by mass) was purchased from Altia Plc. 2,2′,7,7′-Tetrakis(*N*,*N*-di-*p*-methoxyphenylamino)-9,9′-spirobifluorene (Spiro-MeOTAD or Spiro) was purchased from Lumtec (Luminescence Technology Corp.). TiO~2~ nanoparticle paste was purchased from Solaronix (Ti-Nanoxide T/SP) and from Dyesol (18NR-T). CDCA and OA were used as co-adsorbates to reduce aggregation in the Pc monolayers. They were purchased from Sigma-Aldrich along with all other solvents and chemicals and used without further purification. FTO-coated glass substrates (TEC7) were purchased from Sigma-Aldrich and cleaned as described below. Zinc carboxyphthalocyanine (Pc, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) derivative used in this study and also known as TT1 was synthesized according to a protocol described elsewhere.^[@ref23]^

4.2. Samples {#sec4.2}
------------

The FTO-coated glass substrates were cut to approx. 20 × 20 mm substrates and patterned by mechanical etching with a grinding tool. After the patterning, the substrates were washed by 15 min sonication in 2% aqueous Hellmanex III solution, followed by 15 min sonication in 2-propanol, and dried under vacuum.

A thin TiO~2~ compact layer was used as a hole-blocking layer. The layer was prepared by spin-coating (3000 rpm, 30 s) a 0.22 M solution of titanium isopropoxide in acidic EtOH (13 mM of HCl) onto the cleaned and patterned FTO substrates, followed by sintering at 475 °C for 45 min in air. For better film quality, the spin-coating and sintering procedure was repeated.

TiO~2~ mesoporous layers were prepared by screen-printing and by spin-coating. For the screen-printed layers, the Ti-Nanoxide T/SP paste was screen-printed on top of the substrates through a 77--55 mesh (mesh thickness, 87 μm). For the spin-coated layers, the Dyesol 18 NR-T paste was diluted in EtOH at a 2:5 weight ratio and spin-coated (1000 rpm, 45 s) onto the substrates. After depositing the TiO~2~ mesoporous layer, the substrates were sintered again at 475 °C. The TiO~2~ nanoparticle film thickness was approx. 2.5 μm for the screen-printed layers and approx. 800 nm for the spin-coated layers, respectively. Typical cross-section electron microscopy images are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) Figure S1.

To increase the surface roughness in the TiO~2~ layer and therefore to adsorb more dye, the TiO~2~ substrates were treated with aqueous TiCl~4~. A 2 M aqueous stock solution of TiCl~4~ was prepared: 1.56 mL of Milli-Q H~2~O was frozen with a stir bar, 440 μL of TiCl~4~ was added dropwise in an ice bath, and the solution was stirred for 10 min. The 2 M stock solution was then diluted into 0.02 M, and the substrates were immersed into this solution at 70 °C for 30 min and washed thoroughly with Milli-Q H~2~O. The substrates were sintered after the TiCl~4~ treatment, and after sintering they were ready for staining.

To deposit SAMs of the Pc with and without the co-adsorbates, the substrates were immersed into solutions of the Pc, typically for 20 h. The solutions were prepared in *t*-BuOH/MeCN 1:1 (vol/vol) at 0.1 mmol/L concentration. The co-adsorbates were added into the solutions at different Pc to co-adsorbate molar ratios ranging from 1:10 to 1:100 or using concentration of co-adsorbates up to 10 mM. After the reaction, the substrates were removed from the Pc solutions and washed by immersing them for 5 min into the *t*-BuOH/MeCN mixture.

The sensitized TiO~2~ samples were coated with a hole transporting layer, Spiro, following a reported procedure. Spiro was doped with bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 4-*tert*-butylpyridine (*t*-BP) for a better hole conductivity. The hole transporting layer was prepared by spin-coating typically a 214 g/L solution of Spiro with 23 mM of LiTFSI and 233 mM of *t*-BP in anhydrous chlorobenzene onto the sensitized TiO~2~ substrates. The solution was allowed to diffuse into the TiO~2~ mesoporous layer for 30 s after the spreading. Then, the samples were rotated for 60 s at 1000 rpm. To ensure that sufficient amount of Spiro was deposited, cross-section scanning electron microscopy (SEM) images of the samples were taken, in which a thin Spiro layer on top of the TiO~2~ film can be seen (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf) Figure S1).

For the solar cell measurements, the sample structure was finalized by thermally evaporating a 75 nm Ag electrode on top of the sample structure at a high vacuum (approx. 10^--6^ mbar). The electrode areas were typically 2--3 mm^2^.

4.3. Instruments {#sec4.3}
----------------

Absorption spectra of the samples were measured using a Shimadzu UV-1800 UV--Vis--NIR spectrophotometer in the range 350--850 nm.

The sample morphology was investigated using a field-emission SEM (Carl Zeiss Ultra 55).

Standard solar cell characterization was carried out by measuring *I*--*V* curves (Agilent Tech. E5272A source/monitoring unit) in the dark and under one sun (AM 1.5) illumination (Sciencetech SS150 solar simulator).

Ultrafast TA responses of the samples were measured using a pump-probe system described previously.^[@ref46],[@ref47]^ Briefly, the samples were excited by laser pulses at 695 nm (Libra F, Coherent Inc., coupled with Topas C, Light Conversion Ltd.). A white continuum generator (sapphire crystal) was used to produce the probe beam. The TA responses were measured using an ExciPro TA spectrometer (CDP, Inc.) equipped with a CCD array for the visible spectral range (460--770 nm) and an InGa diode array for the NIR wavelengths (840--1045 and 1050--1260 nm). The pulse repetition rate of the laser system was 1 kHz and the spectra were typically acquired by averaging over 5 s. Typical time resolution of the instrument was 100 fs. Data collected in the three wavelength ranges were fitted globally to a sum of exponential functions or a combination of exponential, stretched-exponential, and distributed decay models.^[@ref48]^ The fit program accounted for the instrument response (through a deconvolution process) and did the group velocity dispersion compensation. Therefore, the generated time-resolved spectra were free of dispersion and had an "improved" time resolution.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.8b00600](http://pubs.acs.org/doi/abs/10.1021/acsomega.8b00600).Cross-section SEM images of the studied samples, absorption spectra of Pc in solutions, details of spectra fitting in the Q-band region, spectra fits, absorption spectra of Pc/CDCA = 1:10 and Pc/OA = 1:10 samples, normalized TA decays of Pc/CDCA = 1:50 with Spiro, time-resolved and component TA spectra of Pc/CDCA = 1:10, pure Pc\|Spiro, Pc/CDCA, and PcOA 1:10 with Spiro, absorptance spectra of 1:0, 1:10, and 1:100 Pc/CDCA samples used photocurrent measurements, and dependence of efficiency on the relative concentration of CDCA ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b00600/suppl_file/ao8b00600_si_001.pdf))
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